sive halite (Benson et al., 1991; Krijgsman et al., 1999a) . The isostatic response of the solid Earth to the Messinian salinity crisis has been addressed in few studies (Norman and Chase, 1986; Gargani, 2004; Govers et al., 2008) . Isostasy is particularly relevant, but unstudied, at sills where a relatively minor uplift can have a major impact on oceanographic and sediment circulation. Isostatic adjustment will always occur when surface loads change. By identifying the isostatic imprint on gateways, I seek to isolate other tectonic contributors to important Messinian salinity crisis events. I focus on isostasy and Gibraltar subduction dynamics at the most important sill region, the westernmost Mediterranean, where the connectivity with the Atlantic was instrumental in the very occurrence of the Messinian salinity crisis.
MIOCENE-PLIOCENE EVOLUTION OF THE MEDITERRANEAN SEAWAYS
The Indian Ocean connection became restricted from the early Miocene onward (Harzhauser et al., 2002) . As Nubia-Europe convergence continued and final closure was imminent, the Betic and Rifian seaways ( Fig. 1) controlled the ocean circulation in the Mediterranean before the Messinian salinity crisis (Benson et al., 1991) . The Betic seaways probably closed before the onset of the crisis (Garcés et al., 1998; Weijermars, 1988; Martín et al., 2001; Braga et al., 2003) . Timing the closure of the Rifi an corridors is diffi cult, as large olistoliths overlie the youngest marine sediments of the foreland basin. In the northeast part of the Rifi an strait, van Assen et al. (2006) dated the youngest open marine marls as 6.11 Ma. They concluded that the accessible portion of the Rifi an strait on the Mediterranean side was closed before the onset of the Messinian salinity crisis. Looking at the Atlantic side of the Rifi an strait, Benson et al. (1991) concluded that water infl ow lasted until 5.3 Ma, i.e., well into the Messinian salinity crisis.
The Atlantic water infl ux needed to continue during lower evaporites deposition to explain the evaporite deposition; a single desiccation event only produces a basin-wide evaporite layer of ~30 m thickness (e.g., Meijer and Krijgsman, 2005) . It is unknown which marine gateway(s) connected the Atlantic to the Mediterranean during deposition of the lower evaporites. In view of the evident need for such connection, alternative connections need to be considered that were previously considered less likely; an early connection through the Strait of Gibraltar is one of those possibilities (Krijgsman et al., 1999b) . One indication, not proof, of such connection could be the Upper Messinian Channel that Campillo et al. (1992) interpreted from seismic profi les in the western Alboran basin. In view of the uncertainties, I refer herein to the "Straits region" when discussing the Betic, Gibraltar, and Rifi an straits.
The lower evaporites are commonly viewed as being the result of a restrictive marine environment (e.g., Kouwenhoven et al., 2003) . The onset of evaporite formation is out of phase with Milankovitch sea-level variations (Hodell et al., 2001; van der Laan et al., 2005) , and nonMilankovitch sea-level variations remain to be demonstrated for the Messinian. This makes tectonic strait uplift the most likely cause of restriction. Any gateway, wherever it was, was likely to have a depth of a few to tens of meters, enough to at least allow Atlantic infl ow. Meijer and Krijgsman (2005) showed that a single 5-kmwide strait of only 3 m deep is enough to preserve Medi terranean sea level; a wider strait can even be shallower. To explain the occurrence of thick evaporites, Debenedetti (1976) invoked the barred basin hypothesis (Ochsenius, 1877 ) with Krull's (1917) clarifi cation of the deep outfl ow; shallowing of the gateways restricted the deep return fl ow of saline Mediterranean seawater while more shallow infl ow of Atlantic seawater continued. The persisting salt inflow increased Mediterranean salinity to saturation, resulting in evaporite sedimentation. If the lower evaporites were formed by this mechanism, the gateway depth was probably several meters at most.
The marine connection was reestablished through the Strait of Gibraltar at the onset of the Pliocene. Current ideas on how this event unfolded resemble those of Hsü et al. (1973 Hsü et al. ( , p. 1217 : "The stratigraphic evidence suggests that the fi lling of the Mediterranean was not a catastrophic event." Rather, Hsü et al. (1973) preferred a westward-receding waterfall, as elaborated by Blanc (2002) and Loget and Van Den Driessche (2006) , who proposed that regressive fl uvial erosion eventually caused Pliocene refl ooding.
REGIONAL ISOSTASY DUE TO THE FIRST MESSINIAN SALINITY CRISIS PHASE
The Messinian salinity crisis events represent dramatic changes in the surface loads on the Mediterranean lithosphere and mantle. The isostatic response of the solid Earth on a short time scale (couple of thousand years) resembles postglacial rebound. On longer time scales, the surface load is supported by the lithospheric strength. Here I focus on this longer timescale response, i.e., fl exure. Gfl ex (Govers et al., 2008) solves the fl exure equation for a two-dimensional (map view) plate with laterally varying mechanical properties. In a highly three-dimensional basin like the Mediterranean, it is critical to use such fl exure models. Here I use Gfl ex to examine the impact of prominent Messinian salinity crisis events on the western Mediterranean. Calculation details are given in the GSA Data Repository. 1 I fi rst concentrate on the end of the lower evaporites deposition period. Messinian deposits in the Alboran Sea consist of marine siliciclastic or shallow carbonate facies, with occasional gypsum and anhydrite intervals. The Messinian sediments are ~250 m thick at most in the Alboran Sea basin, and there are wide areas lacking any Messinian sediments (Comas et al., 1999) . A well-developed massive halite is entirely absent, in contrast with neighboring Mediterranean basins to the east (Hsü et al., 1973) . The thickness of Messinian salinity crisis deposits in the Algerian basin is incompletely known; in line with other estimates, I assume a variable lower evaporites thickness depending on basin depth (Fig. DR2 ). Another load results from the increased density of Mediterranean seawater due to blocked outfl ow. Figure 1 shows the isostatic subsidence (and uplift) when I assume that Lower Evaporite deposition occurred at current sea level. Uplift varies between +18 and −827 m in the displayed domain. The basement subsides in the Algerian basin due to the replacement of water by higher density evaporites. As on a mattress, a peripheral bulge develops next to the load (<5 m in the Straits region). The critical point is that the Straits region is hardly affected by the loading; vertical deformation of a few meters is predicted at these thresholds, which is probably not enough to substantially alter the seawater currents. Loading thus does not result in enough peripheral uplift to close the Straits region. Figure 2 displays the response to lower evaporites deposition, salinity increase, and a sea-level lowering; here I assume 1000 m, in agreement with Rouchy and Caruso (2006) , who believe that this lowering occurred at the onset of lower evaporites deposition. The seawater unloading of the Alboran Sea, in particular, causes substantial isostatic uplift of the Straits region. By limiting the infl ux, gateway uplift likely has a considerable impact on the marine connectivity.
An important positive feedback becomes thus apparent between drawdown and isostatic uplift; a sea-level lowering causes strait uplift, which results in a restriction of marine infl ow. This leads to further sea-level drawdown, uplift, and so on. The consequence is that lowering of Mediterranean sea level by whatever means results in desiccation of the entire basin.
The functioning of this feedback depends mostly on the time scale of the sea-level variation, because the isostatic response requires time to develop. Depending chiefl y on upper mantle and lithosphere viscosities, this time scale ranges from 3 to 15 k.y., during which time the isostatic response grows. The fl exure model represents the fi nal uplift and subsidence at the end of this relaxation period. A shorter lasting drawdown will evoke a smaller strait uplift. Another point is the uplift magnitude, which is proportional to the sea-level drawdown; lowering Mediterranean sea level by only a few hundred meters is probably enough to close the gateways (Fig. DR3) .
Episodic overfl ow has been proposed (Hsü et al., 1973; Rouchy and Saint Martin, 1992; Clauzon et al., 1996; Hodell et al., 2001) to explain the large volume of lower evaporites, which cannot follow from a single desiccation event. Episodic overfl owing is possible only if occurring on a time scale that is shorter than the time needed to develop fl exure. It takes only ~3 k.y. to completely desiccate a closed basin, or to refl ood it (Meijer and Krijgsman, 2005) . This excludes the possible cause of sea-level variations driven by Milankovitch cycles, because its shortest periodicity is 20 k.y.
Another consequence of the positive feedback mechanism is that, after deposition of the entire lower evaporites sequence, only a subtle and short-lived nudge of the Mediterranean sea level was necessary to drive the system to com- plete desiccation. Whether driven by convergent tectonics or something else, it is highly questionable that this trigger can be resolved from geological observations. A substantial and persistent lowering of Mediterranean sea level before deposition of most of the lower evaporites is unlikely. Sea level probably fluctuated around eustatic levels before 5.6 Ma, thus allowing the gateways to stay open. Figure 2 is therefore more representative of the situation after deposition of most of the massive halite. Figure 3 shows the isostatic subsidence due to desiccation plus deposition of the Messinian salinity crisis evaporites. This refl ects the situation before basin refl ooding. From the viewpoint of the Atlantic water, there is a formidable wall to be overcome before it can fl ow into the Mediterranean. The height and width of this isostatic barrier are rather insensitive to lithosphere strength (Fig. 3) . The required lowering of the Strait of Gibraltar is substantial. In a tectonic setting of overall convergence between Iberia and Nubia, the cause for the Pliocene refl ooding is thus enigmatic.
REGIONAL ISOSTASY DUE TO THE DESICCATION PHASE
Loget and Van Den Driessche (2006) revived the idea of Hsü et al. (1973) , that fl uvial incision by a westward-receding waterfall in the Strait of Gibraltar paved the way toward refl ooding. This river-like connection thus must have existed before desiccation occurred. Loget and Van Den Driessche (2006) presented quantitative models of this process, demonstrating that a sharp hinge in a fl uvial profi le retreats across the width of the Gibraltar arc within 175 k.y. This illustrates that diffusive processes are particularly effi cient at removing short-wavelength features. This mechanism, however, requires that an eastward river fl ow was maintained throughout the desiccated period of the Messinian salinity crisis. Isostatic uplift may pose a problem for this mechanism; river incision needed to be as rapid as the development of the westward tilting of the Gibraltar arc, although diffusion is relatively slow in removing a long-wavelength bulge.
Another possible cause for the Pliocene refl ooding, a eustatic sea-level change toward the end of the Messinian salinity crisis, has been demonstrated to be unlikely on the basis of minor amplitude and mismatch of timing (Hodell et al., 2001; van der Laan et al., 2006) . The opening of the Strait of Gibraltar has most commonly been attributed to tectonics. After 5 m.y. of erosion, the remaining evidence supports neither pull-apart nor normal faulting because the responsible faults have not been found (overview in Loget and Van Den Driessche , 2006) . It is therefore pertinent to look for a deeper cause for refl ooding.
SLAB DYNAMICS ENDED THE MESSINIAN SALINITY CRISIS
Westward propagation of the Alboran domain (sensu lato) probably resulted from rollback of the east-dipping Gibraltar slab (Lonergan and White, 1997; Booth-Rea et al., 2007) . Frontal compression ceased ca. 8 Ma (Iribarren et al., 2007) , at approximately the same time that calcalkaline volcanism in the eastern Alboran waned (Duggen et al., 2004) . Today, the tomographically imaged slab is a steeply eastward-dipping feature that appears to be continuous in a west-east cross section (Spakman and Wortel, 2004) . Figure 3 shows the current Gibraltar slab at 200 km, and the location of middle to late Miocene magmatic centers farther east. The free-air gravity anomaly fi eld has a very prominent (−150 mgal) minimum in the southwestern Alboran region, i.e., right above the slab. This anomaly results from dynamic subsidence (~2 km; see the Data Repository) due to the dense Gibraltar slab. I propose that slab steepening followed cessation of subduction ca. 8 Ma. Eventually, this resulted in dynamic subsidence in the southwestern Alboran ca. 5.33 Ma (Fig. 4) . This subsidence was superimposed on the long-term uplift of the region. Constraints on the dynamic subsidence come from a study (Govers and Wortel, 2005) of the Calabrian slab, which like the Gibraltar slab is a narrow slab with lateral edges. Through modeling we (Govers and Wortel, 2005) demonstrated that slab sinking eventually loads the overriding plate, leading to dynamic subsidence in the entire region above the slab. Such regional subsidence probably does not require surface faulting. The time before the slab starts hanging from the overriding plate is controlled by slab width, slab density, and by impediments to slab steepening in the lithospheric (lateral subduction-transform edge propagator [STEP] faults; Govers and Wortel, 2005) and upper mantle (phase transitions and large-scale convective fl ow). The result is broadscale subsidence, which I propose was responsible for lowering of the Gibraltar threshold to facilitate the Pliocene refl ooding.
CONCLUSIONS
It is unlikely that a substantial sea-level lowering occurred at the beginning of, or during, the fi rst stage of the Messinian salinity crisis. Isostatic uplift of seaways in the western Mediterranean follows drawdown within a few thousand years, thus further choking the seawater inlet and leading to complete desiccation. Alternating periods of (partial) desiccation and refi lling driven by Milankovitch cycles cannot have caused the lower evaporites. Sea-level lowering must have occurred after deposition of the massive halite.
Flexural uplift of the Strait of Gibraltar hindered Pliocene refl ooding. If the gateway connection existed before desiccation, seaway incision must have been very fast, i.e., rapid enough to keep up with the arching up of the Strait of Gibraltar. I propose an alternative scenario, in which the dynamic evolution of the Gibraltar slab ended the desiccation. 
